Rigorous regulations of nitrogen oxide emissions require the development of technologies for their removal from exhaust gases. Implementation of appropriate catalysts can potentially promote NO x (NO, NO 2 ) or N 2 O removal in shorter reaction time and under milder operation conditions. However, several challenges have to be faced upon trying to address nitrogen oxide pollution with catalytic systems such as sufficient catalytic performance, suitable operational temperatures and catalyst poisoning. The flexible structure of hydrotalcite-like compounds offers the opportunity to introduce various metals into the materials to provide active and selective catalysts for NO x and N 2 O removal. This minireview summarizes the abatement of nitrogen oxides by using hydrotalcite-derived mixed metal oxides. At first, a brief overview on the general features of hydrotalcite-originated mixed metal oxides and their applications in catalysis is provided. Later on, the application of mixed metal oxides as SCR catalysts with both ammonia (NH 3 -SCR) and hydrocarbons (HC-SCR) as reducing agents is discussed. An overview of the mixed metal oxides applied as catalysts for NO x storage/reduction (NSR) and further in the simultaneous removal of NO x and soot particles is provided. Additionally, this review discusses mixed metal oxides as efficient catalysts for catalytic decomposition (deN 2 O) and selective catalytic reduction of N 2 O (N 2 O-SCR). Finally, the remaining challenges and future trends are highlighted.
Introduction
The National Emission Ceilings Directive (NECD) recognizes four main air pollutants including nitrogen oxides (NO x ), sulphur oxides (SO x ), non-methane volatile organic compounds (NMVOc), and ammonia (NH 3 ). 1 Nitrogen oxides, NO x = NO + NO 2 , as major air pollutants bring about a series of environmental issues, including photochemical smog, acid rain and ozone depletion, 2,3 as well as global warming caused by N 2 O. 4, 5 Above 40% of the total NO x released into the atmosphere within European Union countries comes from mobile sources with major contribution from the use of diesel engines. 6, 7 Emission of N 2 O from nitric acid plants, besides its emission from adipic acid installations, is the largest among industrial sources. 8 A significant contribution of mobile sources, including diesel engines, to N 2 O emissions cannot be also neglected. 9, 10 Several advanced options of NO, NO 2 and N 2 O abatement are available nowadays. The most promising technologies are described in the next chapters. Diesel engines operate under lean-burn conditions with an air-to-fuel ratio of A/F = 20-25. These conditions enable efficient fuel combustion saving 30-35% fuel consumption associated with decreased CO 2 emissions. 11 However, in the presence of excessive O 2 , NO x cannot be efficiently reduced over the classical three-way catalyst. However, nitrogen oxide exhaust emissions can be removed via (i) direct decomposition of NO x , 12 (ii) selective catalytic reduction of NO x based on urea-SCR (NH 3 -SCR) or hydrocarbon-SCR (HC-SCR), 13, 14 (iii) NO x storage/reduction (NSR) 15 and simultaneous NO xsoot removal. 16 Among the proposed methods for N 2 O emission abatement, catalytic decomposition (deN 2 O) 4, 17 and selective catalytic reduction of N 2 O (N 2 O-SCR) 18 seem to be the most promising approaches. A great number of scientific publications relate to hydrotalcite-derived mixed metal oxides as catalysts for the processes mentioned above. Hydrotalcite-like compounds belong to a class of natural and synthetic anionic clays 19 22 (ii) rehydration/reconstruction, 23 (iii) sol-gel, 24 or (iv) hydrothermal methods. 25 However, (v) coprecipitation at low supersaturation and at constant pH 7-10 is the most often applied synthesis procedure, due to its simplicity, repeatability and the associated production of hydrotalcite-like compounds with a high degree of crystallinity. 19, 26 Detailed information on the structural features of hydrotalcite-like compounds, synthesis methods, and their characterization is available in several comprehensive reviews. 19, [26] [27] [28] [29] [30] [31] [32] [33] Hydrotalcite-like compounds are widely used in catalysis, although they are employed as a precursor of the catalyst more often than they are applied as layered materials themselves. 19, 32, [34] [35] [36] [37] [38] [39] [40] In fact, calcined hydrotalcite-like compounds containing copper and/or cobalt have been found to be active and selective catalysts for SO x , NO x and N 2 O removal. [41] [42] [43] [44] In particular, CuĲCo)-ĲMg)-AlO x materials were used as catalysts for removal of (i) NO and SO 2 formed in the regenerator of a fluid catalytic cracking (FCC) unit 45, 46 and also (ii) other N-containing compounds such as ammonia in NH 3 -SCO [47] [48] [49] or dimethylformamide in total oxidation. 50 The examples presented above show mainly applications of calcined hydrotalcite-like compounds containing elements with redox behaviour within brucite-like layers ( Fig. 1) . However, materials prepared by exchange with anionic metal precursors of the desired metal in the interlayer space of the hydrotalcite-like compounds or by deposition of inorganic or organometallic precursors on calcined oxides were also applied. 41, 47 The variety of preparation methods, together with a broad range of ions, which can be incorporated, makes hydrotalcite-like compounds excellent precursors of high performance catalysts.
Selective catalytic reduction of NO x by NH 3
The selective catalytic reduction of NO x by ammonia (NH 3 -SCR) is the most important and well-established process used to abate NO x from stationary sources, according to the following reactions (eqn (1) and (2) 
This method is also used for removing NO x from diesel exhausts, so-called diesel exhaust fluid (DEF), commonly referred to as AdBlue in Europe. 52 In this technique, NO x is continuously reduced by NH 3 on commercial V 2 O 5 -WO 3 /TiO 2 catalysts suitable for temperatures of 250-400°C. 53, 54 On the other side, automotive application of this process calls for high NO x removal over a much wider temperature range up to 600°C in the cycle of diesel particulate filter regeneration (DPF). Additionally, there is a clear trend to replace V-based catalysts. The major reasons are the narrow operating temperature window of the commercial catalysts, phase transformation of anatase to rutile under the reaction conditions, high activity for oxidation of SO 2 to SO 3 and vanadium pentoxide toxicity. 55 Different types of NH 3 -SCR catalysts, such as (supported) metal oxides, layered clays, mesoporous silicas and zeolites containing various transition metals, e.g. Fe, V, Cr, Cu, Co and Mn, have been studied in the scientific literature. [56] [57] [58] Several reviews provide detailed information on the mentioned catalytic systems. 2, 54, [59] [60] [61] Among the tested catalysts, layered clays, including hydrotalcite-originated mixed metal oxides with various compositions such as CuMg-Al, Co-Mg-Al, and Mg-Fe, compose a large group. 47, 48 Table 1 summarizes the catalytic performance of mixed metal oxides for the selective reduction of nitric oxide by ammonia. Analysis of these results shows that the catalytic systems consisting of copper and/or iron resulted in high activity in NH 3 -SCR. In addition to data presented in Table 1 3 -SCR was investigated. Amorphous mixed oxides appeared after calcination at 500°C and facilitated higher catalytic activity in NH 3 -SCR compared to samples calcined at lower temperatures. All catalysts revealed NO conversions below 35%. However, N 2 selectivity above 99% could be reached in the whole temperature range studied. Further impregnation with 5.0 wt% Fe only slightly enhanced NO conversion while N 2 selectivity remained constant. The authors suggest the iron modification to increase the Brönsted acidity of the pillared-clay catalysts. However, no further details related to this point were provided. Polyoxotungstophosphate-pillared hydrotalcite-originated mixed metal oxides doped with iron achieved a maximum NO conversion of 40% at 450°C. Higher catalytic activity with around 70% conversion of NO at 450°C could be achieved with calcined Fe-containing hydrotalcite-like compounds prepared by coprecipitation with carbonate as the interlayer anion. For Mg-Fe (Mg : Fe = 2.0 : 1.0) precursors calcined at 600°C, X-ray diffraction confirmed the presence of MgO and MgFe 2 O 4 . 48 Introducing 0.5 mol% copper into the Mg-Fe-O material led to an additional formation of Cu 2 O and CuO, and significantly improved the catalytic activity under the applied reaction conditions. Around 80% NO conversion was reached at 300°C, together with a N 2 selectivity of above 85% over the whole investigated temperature range. Copper loadings of 0.5 to 1.0 mol% were associated with increased crystallinity of both copper oxide phases (Cu 2 O and CuO). However, higher copper loadings did not influence catalytic activity, and only slightly lowered the selectivity to N 2 , which was the main reaction product. The changes in NO x conversion could be correlated with changes in the reducibility of the catalysts. The presence of easily reducible copper oxide species in the Mg-Fe-O system extended the low temperature NO x conversion. On the other hand, it led to lower NO x conversion at higher temperatures due to competition with undesired NH 3 oxidation. Increasing copper loadings from 0.5 to 1.0 mol% led to the formation of more aggregated copper oxide species, and thus slightly higher NO x conversion in the high temperature region, i.e. above 350°C, was recorded. Based on these results, one may conclude that by varying the amount of copper and iron in such catalysts and consequently adjusting the reducibility of the catalysts, it is possible to control the NO x conversion temperature window. Further studies in this direction appear promising. The influence of the transition metal content was also comprehensively investigated over Cu-ĲCo)-Mg-Al-O x obtained by calcination of hydrotalcite-like precursors at 600-650°C. 41, 66 Montanari et al. 41 studied Cu-Mg-Al-O x with copper oxide loadings in the range of 4.0-12.5 wt%. Such materials were prepared by coprecipitation followed by calcination at 650°C. Only poorly crystallized MgO was identified in all samples, without evidence of CuO segregation. As a reference, copper oxide deposited on Mg-Al-O x (Mg : Al = 71.0 : 29.0) materials was prepared by impregnation aiming at a loading of 10.0 wt% CuO. Crystalline CuO was clearly evident in this case. Catalytic tests with these materials confirmed complete NO conversion at 350°C with a broad temperature range of effective operation over a Mg-Cu-Al material with 12.5 wt% copper oxide. Lower contents of copper oxide (4.0 and 8.0 wt%) resulted in significantly lower catalytic performance. Additionally, a catalyst prepared by deposition of copper oxide on a calcined support (Cu/Mg-Al) was compared with mixed metal oxides including copper incorporated within the structure (Mg-Cu-Al). Mg-Cu-Al revealed significantly higher catalytic performance in the studied temperature range of 150-500°C. Additionally, such catalysts showed no deactivation either after four consecutive cycles or during the stability test at 380°C for 8 h under the reaction conditions. Again, the obtained NO x conversion could be correlated with the reducibility of the tested catalyst (Fig. 2) . All hydrotalcite-derived mixed metal oxides showed a reduction peak with a maximum in the temperature range of 240-300°C, while the CuO-supported catalysts exhibited a significantly lower reduction temperature, i.e.
200°C. The authors suggest that highly reducible copper oxide species were responsible for the high catalytic performance in the low temperature range, but also significantly contributed to the side-reaction -ammonia oxidation at high temperatures. Therefore, tuning of the nature of copper oxide species and the right copper content seem to be vital factors in order to obtain highly efficient catalytic systems operating in a wide temperature range. Chmielarz et al. 66 carried out similar studies with regard to the catalytic performance of Mg-Cu-Al catalysts with 5.0-20.0 mol% content of copper incorporated into the structure of the precursors. Hydrotalcite-like precursors were prepared by coprecipitation, followed by transformation at 600°C into only poorly crystallized MgO. Catalytic tests over these materials revealed around 95% NO conversion at 250°C for catalysts with high concentration of copper (Fig. 3) . Unfortunately, the authors reported a very narrow temperature range. Materials with copper contents of only 5.0 or 10.0 mol% exhibited lower activity, with slight changes in selectivity to N 2 in the range of 200-350°C. Besides the content of transition metals, the selected element, e.g. Cu and/or Co, also has strong influence on the catalytic performance. 66 The catalytic activity decreases in the following order: Cu > Cu-Co > Co. The highest NO conversion was observed for metal oxides containing copper. Cobalt-based catalysts exhibited poor activity, while an increasing content of Co from 5.0 to 20.0 mol% resulted in lower activity but higher selectivity to N 2 .
The obtained results fully corresponded to H 2 -TPR analysis of copper-containing materials as well as the cobalt-based sample with 10.0 mol% loading presented in another work of Chmielarz et al. 67 In order to determine the interaction of NO and NH 3 molecules with the catalyst surface, temperature-programmed methods (TPD, TPSR, and stop flow-TPD) as well as FT-IR were applied. The introduction of copper within brucite-like layers caused the formation of weak nitrogen oxide sorption centres on the catalyst surfaces, which played a crucial role in the catalytic process. The weakly chemisorbed nitrogen oxide was nearly completely transformed into nitrogen in the low temperature region. Moreover, the FT-IR results revealed the formation of thermally stable nitrite and/or nitrate species on the catalyst surface at low temperatures. Such species resulted in N 2 O formation at higher temperature. 66 In conclusion, a comparison of the catalytic activity of a Mg-Cu-Al-O system with 12.5 wt% CuO to V 2 O 5 -WO 3 /TiO 2 as a commercial reference revealed a similar behaviour of both catalysts up to 380°C. At higher temperatures, the commercial catalyst exhibited superior catalytic performance with 100% NO conversion up to 500°C. Thus, the advantage of commercial catalysts over mixed metal oxides is the very broad temperature range of effective operation. The selectivity to N 2 was slightly better than that for commercial catalysts over the whole temperature range of 100-500°C. 41 47 The reducibility of copper oxide species in zeolites was investigated using H 2 -TPR. The results were in good agreement with the observed catalytic performance. Additionally, it was recognized that the reducibility of metal ions in metal-exchanged zeolites determines the extent of low temperature NO conversion. 68 The same species are responsible for ammonia oxidation as the dominating process at higher temperatures. In particular, above 80% NO conversion in the range of 225-525°C and above 95% selectivity to N 2 were achieved over Cu-BEA prepared by impregnation. The data suggest significantly better catalytic performance of copperzeolites compared to hydrotalcite-derived mixed metal oxides. This conclusion is supported by the results given by Sultana et al., 69 who reported above 80% NO conversion in the range of 250-450°C and above 97% N 2 selectivity in the presence of water vapour and sulphur oxide over (2.4 wt%) Cu-ZSM-5 prepared by an aqueous ion-exchange method. The authors confirmed the primary role of the reducibility of the catalyst compared to their acidity in NH 3 -SCR. In contrast, a dominant role of acidity was confirmed in the case of HC-SCR. Table 2 summarizes the catalytic performance of mixed metal oxides for the selective reduction of nitric oxide by hydrocarbons. Similar to data collected for NH 3 -SCR, also in the case of HC-SCR, the maximum conversion of NO was provided for the presented catalytic systems. This representation of the catalytic activity only allows a general overview of the material performance. The most interesting copper-based materials are discussed in more detail. Most catalytic tests were conducted in the presence of propene. In this line, the reaction can be generalized as follows (eqn (3)):
Yuan et al. 82 studied the influence of the preparation method of Mg-Al-O x (Mg : Al = 3.0 : 1.0) on the acidic properties, and consequently the catalytic activity. (Fig. 4) . NH 3 -TPD measurements revealed significant differences of the desorption profiles. The data confirmed that the preparation methods significantly affected the acidic properties of the calcined catalysts. The catalysts synthesized by homogeneous precipitation were favourable for the formation of the highest quantity of Lewis acid sites among the obtained samples. This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Thus, homogeneous precipitation was also applied in further studies over a series of Cu-Ti-O x materials with Cu : Ti molar ratios of 2.0-5.0 : 1.0, however, calcined at 450°C. 83 The relatively low temperature treatment did not fully transform the Cu-Ti precursors into mixed metal oxides. In the calcined materials, hydrotalcite-like compounds as well as to the optimal reaction temperature for high catalytic activity. Another factor that influenced the catalytic performance was the quantity of Lewis acid sites. Again, a linear correlation between the quantity of Lewis acidity and the catalytic performance was reported. NO conversion over Cu 3 Ti 1 reached 76% at 260°C with around 75-85% N 2 selectivity in the temperature range of 260-290°C. Therefore, the material presents a very promising catalytic system for low temperature HC-SCR. for all samples was also proven using X-ray photoelectron spectroscopy. Interestingly, for Cu-Ti catalysts, high copper loadings of above 40.0 wt% resulted in the most efficient catalysts, 83 while for Cu-Al samples, lower copper concentration facilitated superior catalytic performance. Among all tested materials, NO reduction with propene was highly efficient over Cu-Al-O x with a Cu : Al molar ratio of 3.0 : 7.0 (13.7 wt% Cu) and reached 70% at 300°C . Unfortunately, the catalyst only exhibited high activity in a limited temperature range. Information on the stability of this system was not included. For higher copper contents, NO conversion decreased, which was in line with the decreasing intensity of copper in CuAl 2 O 4 . For a Cu : Al molar ratio of 7.0 : 3.0, around 30% conversion (300°C) was achieved, resembling the lowest NO conversion obtained for the series of tested materials. Therefore, CuAl 2 O 4 was suggested to be a vital factor for obtaining high efficiency in C 3 H 6 -SCR. Such a crucial role could not be identified for highly dispersed surface and bulk CuO.
All studies mentioned above utilized C 3 H 6 as the reducing agent of NO. The effect of other reducing agents in HC-SCR was examined by Tret'yakov et al. 84 Co-Al-O x and Ni-Al-O x with different compositions (M : Al = 0.5-3.0 : 1.0) were prepared by coprecipitation followed by calcination at 550°C. Co 3 O 4 and NiO as crystalline phases were found only in samples containing cobalt and nickel, respectively. The materials were investigated in HC-SCR applying C 3 H 6 , C 3 H 8 as well as n-C 10 H 22 . Among the tested reducing agents, propene proved to be the most efficient one for NO reduction, while materials with a NiĲCo) : Al molar ratio of 0.5 : 1.0 achieved the highest catalytic activity. In particular, Ni-Al-O x and Co-Al-O x reached a NO conversion of 100 and 88% at 400°C, respectively. Unfortunately, below this temperature, both catalysts only exhibited low NO conversions. The high catalytic activity View Article Online of such samples was suggested to be related to high dispersion of Ni-or Co-containing mixed oxides resulting in a large fraction of active surface sites. The small crystallite size in the case of nickel-containing samples, i.e. below 4 nm, compared to that of cobalt-based samples (5 nm) was associated with the higher catalytic performance between these two samples. These studies present ideal starting points using hydrotalcite-derived mixed metal oxides, but do not provide detailed structure-performance correlations. Incorporating both elements within brucite-like sheets controlling the metal particle size could enhance the catalyst activity. Additionally, the stability of these systems and the detailed reaction pathways of HC-SCR require investigations facilitating knowledge-driven design of the catalysts. Further studies compared C 3 H 6 and C 8 H 18 as reducing agents in NO reduction over Cu-Co-Fe materials as catalysts. 85 The material precursors with different molar ratios . Although these data seem to point to relatively low activity, one has to note that these catalytic experiments were conducted in the presence of 7.0 wt% H 2 O. Unfortunately, catalytic data for these materials under water-free conditions were not provided. Additionally, the presented physicochemical characterization, including XRD, BET, IR and SEM analyses, was not discussed with regard to structureperformance correlations. Consequently, crucial factors influencing the catalytic activity remain unclear. Open challenges exist to explore the role of transition metals in such systems.
Other reductants such as methane were applied to NO reduction catalysed by Mg-Fe-O x and Ni-Al-O x with a M 2+ :
M 3+ molar ratio of 6.0 : 2.0. 86, 87 The materials were prepared by coprecipitation, followed by calcination at 450-500°C, resulting in the formation of mixed metal oxides with the structural features of poorly crystallized MgO. These catalysts enabled complete NO removal at 400°C. In comparison, pure NiO at this temperature facilitated only 22% NO removal under the same experimental conditions. 86 Unfortunately, the presented studies only report catalytic data for one reaction temperature hampering a direct comparison to other literature systems. Overall, the most discussed catalytic systems achieved only limited activity in a narrow operating temperature window. Among the tested materials, Cu-Ti-O x appears promising.
Concerning structure-performance correlations of Cu-Ti materials, a linear correlation of activity and the quantity of Lewis acidity of the obtained mixed metal oxides could be identified. 76 15 The NSR mechanism is generally assumed to take place in five steps: 89, 90 A) during lean-burn cycles: (i) NO oxidation to NO 2 , (ii) NO x adsorption as nitrites and/or nitrates on the basic adsorption sites of the catalysts, and (iii) reductant feed, and B) during rich-burn cycles: (iv) NO x release from the catalyst, and (v) NO x reduction to N 2 .
Each step is critical for efficient operation. However, NOto-NO 2 oxidation is known to be an important step for NO x storage since the adsorption of NO 2 is more facile than that of NO in the catalysts. 90 The first generation of NSR catalysts introduced by Toyota was based on Pt-BaO/Al 2 Hydrotalcite-originated mixed metal oxides have been widely used as an alternative to traditional NSR catalysts due to their high NO x storage capability and good SO x tolerance, which present a critical point in the development of efficient NSR catalysts. 99, 100 Recently, reviews focusing on this catalyst type were published by Yu et al.
101
and Jabłońska et al. 102 The first article concerns mainly the activity and reaction mechanism of selected materials obtained and studied by the authors, while the second review refers only to a selected set of catalyst formulations and their activity in NSR. Therefore, we herein discuss a broad range of catalysts, their preparation and structure-performance correlations with major emphasis on the recent literature not covered in previous reviews yet. Tables 3 and 4 summarize the NO x storage capacity or mean NO x conversion of mixed metal oxides in lean/rich cycles at a given temperature. The presented systems mainly combine redox and basic sites. Indeed, redox sites are necessary to oxidize NO to NO 2 and basic sites are necessary to store NO 2 in the form of nitrates. Materials containing cobalt and/or calcium as well as ruthenium seem to achieve reasonable NO x storage capacity. Among the materials tested under rich/lean cycles, cobaltcontaining materials doped with vanadium or palladium also seem to be possible alternatives to commercial Pt-BaO/Al 2 O 3 .
On the other side, such systems are not free from drawbacks, e.g. the toxicity of cobalt. Mg-Al-O x was utilized as a support due to its basicity. Precursors for such applications were mainly prepared by coprecipitation followed by calcination, which only led to the formation of poorly crystallized MgO. The NO x storage properties of Mg-Al-O x varied depending on the Mg : Al ratio; however, only low activities in NO x capture were found. For example, catalysts with a Mg : Al molar ratio of 3.0 : 1.0 achieved an uptake of 0.09 mmol g −1 NO x at 300°C, which was related to the lack of redox components in the system. 105 Deposition of transition metals on the (calcined) supports and/or incorporating them into the structure of hydrotalcitelike compounds enabled a significantly higher activity. (4) and (5)): Thus, the majority of NO x coming out of the lean-burn engine is in the form of NO. Therefore, the oxidation of NO over diesel oxidation catalysts (DOCs) is a very important step in the storage process. In the catalytic tests, the presence of only NO in the feed possibly caused the lower values of NO x storage capacity over Mg-Co-Al and Mg-Co-Al-Ti with similar chemical and/or phase compositions (0.07 and 0.04 mmol g −1 NO at 300°C, respectively). Additionally, the relatively low NO x storage capacity obtained over Mg-Co-Al-Ti-O x was reported to be caused by destabilization of adsorbed NO x on the catalyst surface after incorporation of titanium. 106 Replacing Mg with Ca improved the NO x storage properties and was related to the enhanced alkalinity of the catalytic NO within 60 min. 101, 107 In this system, NO x was first oxidized to nitrites/nitrates on the catalytic redox sites (CoO x ), and then spilled over to the storage region (CaO). Lanthanum was reported to possibly mediate between them. 107 Interestingly, no further activation occurred for partial substitution of calcium in Ca-Co-Al-La samples with barium or strontium. According to the authors, the results indicated that the basicity of the oxide catalysts was not the only factor that determined the NO x storage capability. Other possible explanations were related to incomplete incorporation of barium or strontium into the hydrotalcite-like sheets. 101 on the NO x adsorption-desorption profiles as well as in situ FTIR studies, they proposed that NO x oxidation takes place starting from O 2 adsorption on the surface of Ru, followed by its dissociation to O (eqn (6) and (7)): This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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In the next steps, gaseous NO could react with surface O to form nitrites/nitrates, which then migrate to the basic sites adjacent to the Ru species. Therefore, the adsorption sites on Ru were regenerated (eqn (8) and (9)):
Additionally, surface O on Ru could also oxidize gaseous NO to gaseous NO 2 on the catalyst surface (eqn (10)):
The formed NO 2 could then be trapped on the basic sites available in the catalysts -probably non-adjacent to Ru species, forming nitrites/nitrates, and the other NO 2 species went to the outlet (eqn (11)):
This mechanism was proposed for a Ru-Mg-Al-O system; however, it seems that it is valid also in the case of other combinations of noble metals, such as Pd. 111 The high NO x storage capacity of Mg-Ru-Al was correlated with the high dispersion of ruthenium species in the catalyst, which provides more active sites to convert NO to nitrites/ nitrates, i.e. the major route to store NO x on the catalyst.
Probably, high dispersion was not achieved after deposition of platinum onto Mg-Al-O x . Therefore, Pt/Mg-Al with a Mg : Al molar ratio of 7.0 : 3.0 revealed poorer NO x storage (0.06 mmol g −1 NO at 300°C) compared to the Ru-based system. 103 However, these materials facilitated high mean NO x conversion at 300-400°C.
100,108
Cheng et al. . After calcination at 650°C, the obtained materials exhibited a structure of poorly crystallized MgO. Catalytic investigations showed around 30% mean NO x conversion at 300°C for the last composition presented above. An increasing content of cobalt caused improved redox properties, thus NO was more easily oxidized to nitrites/nitrates (eqn (4) and (5)), which further moved to adjacent Mg-Al-O x to be stored. Impregnation with Pt, Pd, V or Ru further improved the redox properties and consequently the catalytic performance of the materials. Fig. 6 were related to the synergistic interaction between iron and zinc, which favoured a redox cycle in the reaction (Fig. 7) . Furthermore, the presence of potassium and the high dispersion of palladium sites, measured using CO chemisorption, resulted in a shift of the H 2 -TPR profile to lower temperatures indicating improved redox properties. Despite promising catalytic activity, poor activity at temperatures below 400°C presents a major drawback. Therefore, further optimization of such catalysts is necessary. Nevertheless, analysis of the NSR behaviour of the presented catalysts as well as other materials reviewed in this chapter indicates that mixed metal oxides are realistic options for high performance NO x storage/reduction catalysts. Several systems exhibit excellent resistance to SO 2 and higher thermal stability than the reference Pt-BaO/Al 2 O 3 . Future studies should address catalyst optimization in the presence of typical exhaust gases such as soot, CO x or SO x and subsequently tests under real diesel engine conditions in order to assess the potential of these materials for NSR.
Simultaneous catalytic removal of NO x and diesel soot particulates
Soot is another problematic emission for diesel engines. Diesel particulate filters (DPFs) can trap over 90% of soot particulates from the combustion chamber, and subsequently burn them at temperatures around 600°C to regenerate the DPF. 117 This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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reduction and soot combustion. Table 5 summarizes the catalytic performance of mixed metal oxides for NO x storage and removal. The loose contact mixtures (soot and catalyst gently mixed) compared to tight contact mixtures (soot and catalyst mixed in a mortar) are believed to resemble more closely the contact between soot and the catalyst in a real DPF. 133 However, tight contact systems showed more pronounced differences of catalytic activity and were preferably applied in scientific studies. (12)- (14)):
2NO 2 + C → CO 2 + 2NO (13)
In contrast to Mg-Cu-Al-La-O x , Ce-based catalysts doped with cobalt or iron reached significantly lower conversions. 137, 138 In particular, Fe-Ce-O x (Fe : Ce = 1.0 : 9.0) only achieved around 10% NO conversion. 138 Summarizing the current state of the art with regard to the simultaneous removal of NO x and diesel soot particulates, the relatively low NO x storage capacities of most materials have to be mentioned. Nevertheless, hydrotalcite-derived mixed metal oxides exhibit significant potential for application in this area. A further advance in this field will clearly depend on a comprehensive understanding of the mechanisms involved in NO x storage and soot removal and potential synergies between these processes.
Catalytic decomposition of N 2 O
The catalytic decomposition of N 2 O (deN 2 O) belongs to the best available technologies for N 2 O abatement from nitric acid production, which has been recognized as one of the biggest industrial sources of N 2 O emissions, according to the reaction (eqn (15)):
The possible positions of the catalytic N 2 O converters were proposed in the installation for nitric acid production: (i) behind the Pt-Rh catalyst for ammonia oxidation, inside the ammonia burner (high-temperature N 2 O decomposition, 800-950°C) and (ii) at the end of the pipe (downstream of the absorption column) (low-temperature N 2 O decomposition, 250-450°C). 4 View Article Online will only highlight the potential of hydrotalcite-originated materials. Starting from the work of Kannan et al., 146, 147 several hydrotalcite-originated mixed metal oxides with different combinations of Cu, Co, Ni, Mn and/or Rh, Pd were applied as catalysts for the decomposition of N 2 O.
148-153 Table 6 gives an overview of the catalytic performance of deN 2 O over selected mixed metal oxides mainly summarizing the maximum N 2 O conversion. Besides investigations of N 2 O decomposition in ideal N 2 O-inert gas feeds, experiments in the presence of other components of exhaust gases, such O 2 , H 2 O and NO (the product of ammonia oxidation in nitric acid plants), were carried out. N 2 O decomposition is most efficiently catalysed by Co, Mn modified with K or Rh as implied by the published results. Analysis of the presented data shows that the process of N 2 O decomposition is very sensitive to the kind and loading of the catalytically active metal, its form, dispersion, etc. Further details of the selected material system are addressed in the following section. Mg-Al-O x revealed poor activity, 149 and even changes of the Mg : Al molar ratio did not influence the catalytic activity. 161 Introducing metals with redox properties, such as Ni, Cu or Co, significantly improved the catalytic activity in N 2 O decomposition. Kannan et al. [146] [147] [148] [149] utilized CoĲNi,Cu,Mg)-
The precursors were prepared by coprecipitation using aqueous solutions of the appropriate metal nitrates together with Na 2 CO 3 and NaOH as precipitating agents. Armor et al. 148 claimed that N 2 O conversion was maximized over the catalysts calcined at temperatures ranging from 450 to 500°C . Calcination at 500°C led to the formation of mixed metal oxides. In particular, Co 3 O 4 and/or CoAl 2 O 4 were identified in Co-Al-O x . Catalytic tests over the obtained materials revealed the following order of transition metals with decreasing activity in N 2 O decomposition: Co ≥ Ni > Cu. Regarding cobaltand nickel-containing materials, the difference in activity was explained based on their redox behaviour. The strength of oxygen bonding in cobalt oxide was suggested to be weaker than that in the corresponding Ni-analogue. Unfortunately, no H 2 -TPR analysis was provided and the reason for the lower activity of copper-based materials remained unclear.
Further catalytic tests with different Co : Al molar ratios of 1.1-3.55 : 1.0 confirmed the highest activity over Co : Al = 3.0 : 1.0. The obtained results indicated increasing activity with increasing Co 2+ concentration on the catalyst surface as determined by X-ray photoelectron spectroscopy. As a result, the Co 3 Al 1 catalyst exhibited a maximum N 2 O conversion of 84% at the reaction temperature of 450°C. However, addition of 2.0% H 2 O and 2.5% O 2 to the feed reduced the conversion to 25%, thereby limiting the commercial use of this catalyst. Studies of Pérez-Ramírez et al. . Upon calcination at 450-500°C, a Ni-Al precursor formed crystalline NiO. Additionally, the ternary mixed metal oxides included MgO, which was inactive in deN 2 O. However, according to Pérez-Ramírez et al., 160 the presence of magnesium in Ni-Al-O and Co-Al-O catalysts prevented deactivation of the catalysts due to preferential adsorption of SO x on MgO. Consequently, the active sites remained available for N 2 O reduction.
Integrating both Ni and Mn into one systemĲNi-Mn-O x , Mg-Ni-Mn-O x ) resulted in a low N 2 O conversion of 20% at 450°C. ĲNi,Mg) 6 MnO 8 present in both samples could be responsible for the low activity. 155 Partial substitution of Mn with Al in the series of Co-Mn resulted in higher catalytic activity. 169 Obalová et al. 
(350) 164
Co-Al Na/Co-Al (1.5 wt% Na) (3.0 : 1.0 mol%) Coprecipitation (300) Coprecipitation/impregnation Ĳ300/300) . Long-term stability tests were not carried out. Additionally, these studies mainly focused on the correlation of catalyst composition and catalytic activity rather than the explanation of the impact of the rhodium oxidation state, its particle size and dispersion. Nevertheless, several papers indicated the dispersion of rhodium as one of the crucial parameters influencing catalytic performance. [171] [172] [173] Besides rhodium dispersion, particle size was also found to play a vital role in the high catalytic performance. For example, studies of Parres-Esclapez et al. 174 over rhodium supported on γ-Al 2 O 3 , MgAl 2 O 4 and SrAl 2 O 3 revealed that the smaller the rhodium particle size, the higher the catalytic activity.
Great research efforts have been made in order to determine which rhodium species in the catalytic decomposition of N 2 O are the most active. However, a final conclusion could not be drawn yet. Available literature data in this field indicate that the actual active species of rhodium depend on the catalyst composition. 171, 175 Alini et al. 161 addressed these points. They studied These lower N 2 O conversions, which were nevertheless still higher than that for Co-Rh-Al-O x , were assigned to the possible segregation of PdO during calcination for the samples containing palladium. Segregated PdO was suggested to inhibit the synergistic interaction between both metallic rhodium and palladium. For La-containing materials, the formation of inactive La 2 CO 5 , which could also hinder the interaction of metallic rhodium and Mg-Al-O x , was proposed to explain the low catalytic activity. Pérez-Ramírez et al. . For Co-Al-O x at 450°C, the conversion did not change after introducing SO 2 and O 2 into the feed. However, at temperatures around 325°C, the catalyst was completely deactivated. After removal of SO 2 and O 2 from the feed, the activity did not return to its previous level. Additionally, the catalyst exhibited a significant drop of conversion from 80 to 60% during the first 10 h of the stability test at 300°C. The presence of magnesium in Co-Rh-Al-O improved its stability in the presence of sulphur dioxide and oxygen and reduced deactivation in the long-term tests (100 h). Although changes in the Mg : Al molar ratio and therefore the basicity of the oxide matrix did not cause significant differences in the activity for N 2 O decomposition of the mixed View Article Online metal oxides, 161 doping with some alkaline metals, such as Na, Li, K and Cs, was found to significantly increase the catalytic activity. 44, 163 In particular, the promoting effect of potassium on N 2 O decomposition was proven to be remarkable. Therefore, studies over various K-doped metal oxide catalysts were widely reported. 154, 162, 163 
162
The relationship between catalytic performance and content of potassium was further studied by Obalová et al. 44, 177 Deposition of potassium (0.0-3.0 wt%) on Co-Mn-Al-O x (Co : Mn : Al = 4.0 : 1.0 : 1.0) was carried out by re-suspension of hydrotalcite-like precursors in aqueous solutions of potassium nitrate. After calcination at 500°C, the samples with 2.7-3.0 wt% K contained spinels as well as K x MnO 2 . Modification of the Co-Mn-Al-O system with different amounts of potassium significantly changed the catalytic activity. Maximum activity in N 2 O decomposition could be observed for samples doped with both 0.9 and 1.6 wt% K. All modified samples were tested for N 2 O decomposition under various feed compositions, including 4.0% H 2 O, 5.0% O 2 , 0.17% NO and 0.1% NO 2 . The presence of H 2 O and O 2 in the feed decreased the catalyst activity substantially. However, the activity could be completely recovered when both components were eliminated from the feed. Also, the presence of NO x influenced N 2 O decomposition. The catalysts with 0.9 wt% potassium were the most active ones for feeds containing not only N 2 O but also oxygen and nitrogen oxides. 44 Another series of Co-Mn-Al-O x doped with potassium was obtained by impregnation of (i) calcined hydrotalcite-like compounds or (ii) washed precipitates with an aqueous solution of KNO 3 . were reported. Future studies should focus on real gas compositions to elucidate the full potential of the presented system. The positive effect of K was stronger compared to those of similar contents of Na (Fig. 9) . In fact, the positive effect decreased in this sequence as follows: Cs > Rb > K > Na > undoped > Li. 159 Also, studies concerning residual amounts or additionally added sodium were carried out. The influence of residual Na, which remained in trace amounts after washing step was provided by Farris et al.
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Both very low (below 0.16 wt%) and very high (above 15.0 wt%) residual sodium contents caused low N 2 O conversions of 50% and lower. An optimum sodium content in the range of 3.0-6.0 wt% in Co-Al-O x was supposed to promote the decomposition of N 2 O, facilitating over 80% conversion at 475°C. Doping with 1.0-2.0 wt% Na resulted in comparable results. In this line, deposition of residual sodium using impregnation followed by calcination appears to be more efficient to promote the decomposition of N 2 O. 150 The location of sodium within the material remains unclear. Evidence of sodium species being incorporated into the structure of mixed metal oxides is not yet available. The optimum sodium loading is dependent on the mixed metal oxides used. For example, Xu et al. 165 found 1.5 wt% sodium as the optimum loading ensuring higher activity compared to that over undoped Co-Al-O x . A similar value (1.4 wt%) was reported for Na/CoMn-Al-O x as one of the most active catalysts. 163 Pérez-Ramírez et al. 150 utilized Co-Rh-Al-O x with different sodium contents ranging from 0.01 to 5.0 wt%. An optimum loading of the catalyst, which led to higher conversion compared to the undoped support, was established to be 0.75 wt%. 
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Different explanations of the activating effect of alkali metals deposited on mixed metal oxides or incorporated within their structure were provided. 44, 157, 162 A broad range of studies by Obalová et al. 44, 159 covering different mixed metal oxides modified with several alkali promoters revealed that the promoting effect of alkali metals was associated with their ionization potential, the charge transfer to the catalyst and a decrease in the binding energies of all catalyst components. The sequence of the promoting effect of alkali metals was explained in terms of charge donation from the alkali metal cations to surface oxygen and further to cobalt and manganese in Co-Mg-Al-O x . 159 Only for the system modified with Li, the N 2 O conversion of Co-Mg-Al-O decreased, a result well in line with the data published by Obalová et al. 163, 178 In conclusion, hydrotalcite-derived mixed metal oxides appear to be efficient catalysts for N 2 O decomposition even under simulated exhaust gas composition containing H 2 
Thus, they decrease the reaction operation temperature. Data for the catalytic performance of mixed metal oxides for such applications are still limited in the scientific literature. Table 7 As stated above, the selective catalytic reduction of N 2 O with carbon monoxide, ammonia or hydrocarbons seems to be another attractive route to eliminate nitrous oxide. However, few studies address N 2 O-SCR over mixed metal oxides. Further investigations concerning the major factors governing the activity and selectivity as well as the influence of water and oxygen in the feed stream appear to be necessary.
Conclusions
Selective catalytic reduction of NO x based on urea-SCR (NH 3 -SCR) or hydrocarbon-SCR (HC-SCR), NO x storage/reduction (NSR) and simultaneous NO x -soot removal are the predominant methods dedicated to diesel exhaust gas aftertreatment. N 2 O emission abatement through catalytic decomposition (deN 2 O) is well established for nitric or adipic acid plants. However, appropriate reductants also facilitate the selective catalytic reduction of N 2 O (N 2 O-SCR). Therefore, efficient N 2 O removal at much lower temperatures becomes possible. This seems to be an opportunity for removal of N 2 O This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
View Article Online generated as a by-product in the different stages of diesel after-treatment systems. The diesel oxidation catalyst (DOC), selective catalytic reduction (SCR) and/or selective catalytic oxidation (SCO) can contribute to N 2 O formation depending on the (i) operating temperatures, (ii) catalysts used and (iii) exhaust gas conditions as well as (iv) after-treatment system configuration. Thus, subsequent reduction of N 2 O over suitable catalysts is indispensable to meet future regulations. Hydrotalcite-derived mixed metal oxides are one of the classes of materials tested for the reduction of nitrogen oxides from both stationary and mobile sources. The present minireview summarizes the relationship between the different active phases and their catalytic performance. Although, a large number of chemical and/or phase formulations have been reported in order to develop active, selective and stable low-temperature catalysts, major challenges remain. One of the main challenges concerns the design of catalysts able to cope with a broad operating temperature window with high catalytic performance. This point is of special importance considering the broad temperature range of exhaust gases emitted by diesel engines, which can even increase up to 600°C
. Furthermore, the majority of the studies have been carried out under ideal conditions. Only a limited number of investigations considered gas mixtures which mimic real exhaust gases. Overall, hydrotalcites have proven their high potential in several systems for nitrogen oxide removal, e.g. NSR and SCR or deNO 2 /N 2 O-SCR and SCR). Bridging fundamental and applied research, further studies with structured, e.g. monolithic catalysts and suitable gas mixtures, appear highly relevant aiming at the development of tailored highperformance catalysts.
